This study describes a hydrometallurgical process to investigate the cerium recovery from rare earth polishing powder waste (REPPW) containing main elements such as cerium, lanthanum, praseodymium, neodymium, calcium and aluminum. First, dissolution experiments on La 2 O 3 , Pr 2 O 3 , Nd 2 O 3 , CaO and Al 2 O 3 with 5 µm particle size in sulfuric acid solutions were carried out using a batch reactor with various acid concentrations (115 mol/dm 3 ) at different temperatures (30180°C). The effects of these two parameters on the dissolution reaction were studied. The obtained results showed that two sequential leaching steps were needed to separate cerium from the mixture of CeO 2 , La 2 O 3 , Pr 2 O 3 , Nd 2 O 3 , CaO and Al 2 O 3 . The total process for cerium recovery from REPPW via two-stage acid leaching was then developed through the collection of experimental results. Moreover, the dissolution rate of Al 2 O 3 was expressed by a shrinking core kinetics model. The variation of the dissolution rate constant with temperature obeyed the Arrhenius equation with activation energy of 130 kJ·mol ¹1 and reaction rate constant as a function of the acid concentration of C 0.41
Introduction
Rare earth metal is now considered the best material in the polishing process because its use has enabled achievement of improved efficiency in industrial polishing processes. Thus, such metals are widely used as polishing powder for glass, semiconductors, or ceramics. 1) After the polishing process, the residue (rare earth polishing powder waste; REPPW) is useless owing to the discharge with polishing liquid or the accumulation of polished components such as aluminum, calcium and silicate materials. According to composition data obtained in previous studies, 16) REPPW contains rare earth elements (cerium, lanthanum, praseodymium and neodymium) and non-rare earth elements (calcium, aluminum, silicon, barium, magnesium and fluorine) as follows: Major element: Ce Minor: La, Pr, Nd, Ca and Al Trace: Si, Ba, Mg and F Numerous investigations have shown that the main feature of the highly productive polishing powder is the significant content of CeO 2 because the crystal structure has its own peculiarities, such as polishing ability, mechanical strength and wear resistance. 7, 8) In addition, the production of new types of rare earth polishing material has begun to involve higher CeO 2 content in solid solutions of rare earth oxides. In addition, La, Pr and Nd, like Ce, are also used in polishing as well as dyes in glass. 9, 10) In contrast, non-rare earth metals such as Ca, Al, Si, Ba, Mg and F account for some proportion of REPPW, depending on the type of polished material.
As the above composition data show REPPW should be thought of as a new source of rare earth elements because these elements are used in numerous fields such as optical, permanent magnet, electronics, superconductor, hydrogen storage, medical and nuclear technologies, for which demand for these elements has been increasing. 9, 10) Moreover, rare earth concentrates or ores are found in only a few countries and thus must often be imported. To preserve these elements, the investigation of rare earth recovery from REPPW is required, even though most of them have been buried in landfill because they are not easy to treat chemically or physically. A few studies involving rare earth metal recovery from REPPW by a hydrometallurgical method including ion exchange, solvent extraction, electrolysis and leaching have already been carried out. 2, 6, 11, 12) The leaching process using sulfuric acid solutions, which has been used industrially for the extraction of rare earths from ores and concentrates, can be proposed as a process for the recovery of rare earths from REPPW because it is easy and inexpensive to implement the treatment of REPPW. However, it also has some demerits in terms of separation and recovery. Undesired species are dissolved along with the materials of interest in the solution and another method is needed to separate these materials. For example, in the case of REPPW, there is difficulty in terms of purification from polished materials containing non-rare earth metal ions (Al 3+ , Ca 2+ , etc.) even if REPPW is dissolved by the leaching process.
For cerium recovery from REPPW by sulfuric acid leaching, therefore, it was suggested that there is s need to divide the leaching process into two steps based on the dissolution characteristics of the considered element-H 2 
Experimental Methods

Materials
Lanthanum (III) oxide, praseodymium (III) oxide, neodymium (III) oxide, calcium (II) oxide and aluminum (III) oxide used in this study were of chemical grade of >99.9% metal basis (Sigma Aldrich, Ltd.) and all of them had <5 µm particle size.
Experimental methods
All experiments were carried out by putting the desired amount of each reagent into 0.1 dm 3 sulfuric acid solutions with various acid concentrations in a batch-type glass reactor of 300 mL heated at the desired temperature; the reactor was placed on a hot plate stirrer. The solution was stirred by a magnetic stirrer at the desired agitation speed. The dependent variables used in the experiments were as follows: sulfuric acid concentration and reaction temperature.
For measuring the weight of residual target oxide (i.e., La 2 O 3 , Pr 2 O 3 , Nd 2 O 3 and CaO) and precipitated sulfate converted from target oxide vs. reaction time, the samples obtained at an appropriate reaction time were filtered from the solution on a 0.45 µm pore size membrane using a pressure filtration unit, and were washed 3 times using ethanol to remove the sulfuric acid. After drying at 45°C for 24 h, the weight (a) of the precipitate consisting of residual oxide and precipitated sulfate was measured using a balance. Then, the precipitate was added into water to dissolve the precipitated sulfate and residual oxide was recovered by filtration. The weight (b) of residual oxide was measured using a balance after drying at 45°C for 24 h. The difference between (a) and (b) reflected the weight of participated sulfate. In the case of Al 2 O 3 , only the initial weight (W 0 ) and residue (W t ) of target oxide after dissolution were measured to obtain data on the dissolution kinetics. The samples taken at different reaction times were filtered from the solution and washed using water to remove the sulfuric acid and dissolve the precipitated sulfate. After drying, the weight (W t ) of residual oxide was measured using a balance.
To identify the crystalline phases of precipitated sulfate, the obtained samples were measured using an X-ray diffractometer (PANalytical, X'pert PRO) for mineralogical analysis.
Kinetics analysis
The kinetics of the dissolution of CeO 2 in sulfuric acid solutions has already been reported by the author of this study. 13) It was found that the reaction rate for the dissolution of CeO 2 can be expressed by a shrinking core model that describes the fluid-solid reaction kinetics of dense (nonporous) particles. 1417) Therefore, the experimental data of Al 2 O 3 dissolution, which was performed under various sulfuric acid concentrations and reaction temperatures, were made to fit a shrinking core model to Al-dissolution vs. time curves. Assuming that the reaction rate of Al 2 O 3 dissolution was controlled by the surface chemical reaction and particles were in a homogeneous spherical solid phase, the data were analyzed using a model as follows:
Here, k is the reaction rate constant (h
¹1
) of the dissolution and X t is the dissolved fraction vs. time t, which was then calculated as follows: (10)) are considered to be involved in the conversion of target oxide into precipitated sulfate in sulfuric acid solutions:
The formation of precipitated sulfate in the considered element-H 2 SO 4 H 2 O solutions, depending on the conditions of sulfuric acid concentration and temperature, may yield various forms: La, Pr and Nd sulfates absorb water, forming hydrates such as dihydrate, pentahydrate, hexahydrate, octahydrate and nonahydrate, and Ca has the forms of calcium sulfate dihydrate (gypsum, CaSO 4 ·2H 2 O), calcium sulfate hemi-hydrate (CaSO 4 ·1/2H 2 O), and calcium sulfate anhydrite (CaSO 4 ). The various crystal structures of sulfate hydrate as mentioned above have been the focus of much research, such as on crystal growth and solid state chemistry; however in this study, only the solubility and the precipitation degrees for target metal in the removal or recovery phase are important factors. Therefore, the precipitation behavior of La, Pr, Nd and Ca sulfates at various sulfuric acid concentrations and reaction temperatures was investigated.
The effect of sulfuric acid concentration, in the range from 1 to 8 mol/dm 3 , on the precipitation behavior of La, Pr, Nd and Ca sulfates converted from La 2 O 3 , Pr 2 O 3 , Nd 2 O 3 and CaO in sulfuric acid solutions at 90°C reaction temperature after 14 min reaction time was studied and the initial amount of each target oxide per sulfuric acid solution was 0.08 mol/dm 3 . Figure 3 shows that increasing sulfuric acid concentration increased the precipitation by the wellknown "common ion effect" and increasing SO 4 2¹ ion concentration led to decreased solubility of La, Pr, Nd and Ca sulfates.
In addition, La, Pr, Nd and Ca sulfates were precipitated using 2 mol/dm 3 Figure 4 illustrates the changes in precipitation behavior of La, Pr, Nd and Ca sulfates in acidic solutions at various temperatures. This result explains the increasing precipitation of Pr and Nd sulfates with increasing reaction temperature. Unlike Pr and Nd, La sulfate had no effect on increasing temperature. In the case of Ca sulfate, the precipitation decreased with increasing temperature, which is in agreement with literature results; the explanation for this behavior concerns the two equilibria given by CaSO 4 3  3  3  3  3  3  3  3  3  3  3  3  3  3  3  3   3  3  3  3  3  3  3  3  3  3 
The dissolution kinetics depends on acid concentration and reaction temperature. On the basis of the above reactions, the effects of various acid concentrations and reaction temperatures were evaluated as described below.
According to Um et al., 13) CeO 2 was very slowly dissolved in acid solutions; it took more than 48 h to dissolve 0.02 mol CeO 2 powder with 2.5 µm average particle size completely in 0.1 dm 3 sulfuric acid solutions (8 mol/dm 3 ) at 125°C. The dissolution rate of CeO 2 increased with increasing reaction temperature in the range from 105 to 135°C and increasing sulfuric acid concentration in the range from 8 to 12 mol/dm 3 . Al 2 O 3 was also dissolved in 14 mol/dm 3 sulfuric acid at different reaction temperatures of 150, 160, 170 and 180°C to examine the effect of reaction temperature on the dissolution rate, as shown in Fig. 5 . The dissolution of Al 2 O 3 was quite slow, even in such a highly concentrated acid. At 150°C, only 65% of Al 2 O 3 was dissolved after the reaction for 3 d. The dissolution rate increased with increasing temperature, and Al 2 O 3 could be completely dissolved in 24 h at 180°C. The effect of acid concentration on the dissolution rate was examined by using different acid concentrations of 12, 13, 14 and 15 mol/dm 3 at 170°C. Unlike CeO 2 , the acid concentration had a negligible effect on the dissolution rate, as shown in Fig. 6. 3.3 Study of cerium recovery from rare earth polishing powder waste (REPPW) via two-stage sulfuric acid leaching The particle size distribution of REPPW summarized by Kim et al.
2) and Hoshino et al. 19) showed that D 50 /µm was 1.689 and all particles were <5 µm. In addition, CeO 2 , which is the main component of polishing materials, had an average particle diameter of 80 nm, which did not change even after polishing. Besides, the particles that were bigger than CeO 2 were assigned to polished objects. Assuming that REPPW contains only Ce, La, Pr, Nd, Ca and Al materials (major and minor components as referred to in the introduction section) with <5 µm particle size as mentioned above, and organic materials remained in the surfactant and water, it is necessary to apply treatment using a calcination process for removal of organic material and oxidation of inorganic material. According to Yoon et al., 6) TG results of REPPW showed that there were two clear and closely grouped mass change peaks for 100150 and 150500°C. The first weight loss between 100 and 150°C where the curve rapidly dropped was probably related to the decomposition of a hydrate and water. The second weight loss between 150 and 500°C was probably related to the decomposition of organic material and the oxidation of inorganic material. Therefore, when the REPPW is treated using a calcination process with a temperature of at least 500°C, the remaining residue will contain CeO 2 , La 2 O 3 , Pr 2 O 3 , Nd 2 O 3 , CaO and Al 2 O 3 with <5 µm particle size. The dissolution data presented in Figs. 1, 3 , 4, 5 and 6 suggest the benefit of applying a twostep process for separation of La, Pr, Nd and Ca as byproducts by leaching (case 1) and then recovery of Ce from the mixture of CeO 2 and Al 2 O 3 by leaching (case 2). Figure 7 outlines the total process including leaching (case 1) and leaching (case 2), which is discussed in detail below.
Leaching (case 1)
In the case of leaching (case 1) shown in Fig. 7 , La, Pr, Nd and Ca sulfates can appear as undesirable by-products, mostly as discarded solids, and disturb the recovery of cerium in the next leaching step (case 2) because the precipitated sulfate after the first leaching step (case 1) may be dissolved in solutions during subsequent leaching (case 2). Therefore, the change in precipitation of La, Pr, Nd and Ca sulfates according to sulfuric acid solution and reaction temperature was evaluated to remove La, Pr, Nd and Ca effectively during the initial leaching (case 1). As shown in Fig. 3 , the precipitation of La, Pr, Nd and Ca sulfates at various acid concentrations was minimal at acid concentrations below 2 mol/dm 3 . It is clear that the measured precipitation curves were proportional to the acid concentration. Meanwhile, the same ranges of reaction temperature for minimizing precipitation of La, Pr, Nd and Ca sulfates did not produce clear results, as shown in Fig. 4 . However, according to these data, it was possible to check whether the technologically interesting minimum of sulfate precipitation could be found by a rather simple calculation for factors such as initial amount of target oxide per sulfuric acid solution, sulfuric acid concentration and reaction temperature in leaching (case 1).
Leaching (case 2)
After the separation of La, Pr, Nd and Ca in leaching (case 1), the residue mainly contained CeO 2 and Al 2 O 3 . Following kinetics data of CeO 2 and Al 2 O 3 dissolution, cerium and aluminum could be separated by leaching (case 2). In the case of CeO 2 , the kinetics data calculated by Um et al. 13) was used in this study. The kinetics data of Al 2 O 3 dissolution performed under various conditions of sulfuric acid concentration and reaction temperature, as shown in Figs. 5 and 6, were calculated as follows.
As shown in Figs. 8(a) and 9(a), 1 ¹ (1 ¹ X t ) 1/3 plotted against reaction time t is almost a straight line for each experimental condition, with a correlation coefficient of more than 0.99, indicating that the dissolution data reasonably followed a shrinking core model. The rate constant k varies with experimental conditions and is the function of reaction temperature and sulfuric acid concentration. When CeO 2 and Al 2 O 3 were dissolved into sulfuric acid solutions in all experiments, the dissolution rate constant considered as a function of reaction temperature and sulfuric acid concentration can be expressed by the following equation:
Here, E a is the activation energy (kJ/mol); R, the ideal gas constant, 8.314 © 10 ¹3 (kJ/mol K); T, the reaction temper- ature (K); C, sulfuric acid concentration (mol/dm 3 ); k 0 A, preexponential factor; and m is a constant. As for the dissolution of CeO 2 , the following equation was obtained: 13) k ¼ 1:4268 Â 10 8 e À14831=T C 6:54 : ð14Þ
Linear regressions in Figs. 8(a) and 9(a) were used to calculate k values from the slopes. In addition, the ln k values calculated from these k values were plotted against 1/T and ln C using equations k ¼ k Figure 8(a) shows the effect of reaction temperature on dissolution rate. The slopes of the experimental data in Fig. 8(a) were used to determine the reaction rate constants for various temperatures in the dissolution stage. As shown in Fig. 8(b) , the increase in dissolution rate constant of Al 2 O 3 with increasing temperature obeyed the Arrhenius equation with an activation energy of 130 kJ/mol. The slopes in Fig. 9 (a) were used to determine the reaction rate constant related to the sulfuric acid concentration. Plots of ln k versus ln C in Fig. 9(b 
Putting the calculated k 0 A = 1.4268 © 10 8 (CeO 2 ) and k 0 A = 1.2299 © 10 13 (Al 2 O 3 ) into eq. (15), the expressions between ln k and 1/T at various acid concentrations (C) can be obtained as follows.
(1/T) © 10 3 from 2.1 to 3.1, here C is 8:
Here C is 10:
Here C is 12:
Here C is 14:
The revised k-T diagram for a CeO 2 Al 2 O 3 H 2 SO 4 H 2 O system can then be constructed as shown in Fig. 10 3 initial amount of the residue per sulfuric acid solution, 650 rpm agitation rate, 36 h reaction time and 120°C temperature. After leaching, the leaching solution was diluted from 12 to 34 mol/dm 3 using water for dissolution of Ce(SO 4 ) 2 precipitate converted from CeO 2 in sulfuric acid solutions. The filtrate of diluted solutions showed that the concentration of dissolved cerium was 18.9 g/dm 3 , containing less than 90 ppm of other impurities such as La (<30 ppm), Ca (<50 ppm) and Al (<10 ppm). In addition, the only powder left behind in the filtrate was 5.7 g of Al 2 O 3 .
Conclusion
This research focused on the leaching of CeO 2 , La 2 O 3 , Pr 2 O 3 , Nd 2 O 3 , CaO and Al 2 O 3 , which are the main elements of rare earth polishing powder waste (REPPW), for a study of cerium recovery from REPPW by a hydrometallurgical process. This involved a two-stage leaching process in series with sulfuric acid solutions, which was efficient to dissolve 3 sulfuric acid solutions at 3090°C temperature were dissolved in less than 1 min and then dissolved cations in acid solutions directly formed La, Pr, Nd and Ca sulfates because their concentrations exceeded their solubility. The precipitation ratio of Pr and Nd sulfates increased with increasing temperature, whereas that of Ca sulfate increased with decreasing temperature and La was not affected by temperature. Increasing acid concentration increased the precipitation of all sulfates.
(2) Leaching (case 2): Al 2 O 3 in 1215 mol/dm 3 acid concentration at 150180°C was dissolved quite slowly, even with such highly concentrated acid and high temperature. Increasing temperature increased the dissolution rate of Al 2 O 3 , whereas the dissolution rate was negligibly affected by acid concentration.
These results suggested the benefit of using two leaching processes for separation of La, Pr, Nd and Ca by leaching (case 1) and then cerium recovery from a residual mixture of CeO 2 and Al 2 O 3 by leaching (case 2). On the basis of the experimental results of leaching cases 1 and 2, the total process for cerium recovery from REPPW via two-stage acid leaching was developed.
The dissolution kinetics of Al 2 O 3 in sulfuric acid solutions was also investigated and the experimental data were fitted by a shrinking core model. The activation energy of Al 2 O 3 was 130 kJ/mol and the dissolution rate constant can be expressed as a function of reaction temperature and acid concentration as k = 1.2299 © 10 13 e ¹15482/T C 0.41 . Using the obtained functions, the k-T (reaction rate constant-reaction temperature) diagram for a CeO 2 Al 2 O 3 H 2 SO 4 H 2 O system that predicts the dissolution behavior of CeO 2 and Al 2 O 3 was devised and could be useful for cerium separation in leaching (case 2).
